For a bio-based economy, microbial lipids offer a potential solution as alternative feedstocks in the oleochemical industry. The existing genome data for the promising strains, oleaginous yeasts and fungi, allowed us to investigate candidate orthologous sequences that participate in their oleaginicity. Comparative genome analysis of the non-oleaginous (Saccharomyces cerevisiae, Candida albicans and Ashbya gossypii ) and oleaginous strains (Yarrowia lipolytica, Rhizopus oryzae, Aspergillus oryzae and Mucor circinelloides) showed that 209 orthologous protein sequences of the oleaginous microbes were distributed over several processes of the cells. Based on the 41 sequences categorized by metabolism, putative routes potentially involved in the generation of precursors for fatty acid and lipid synthesis, particularly acetyl-CoA, were then identified that were not present in the non-oleaginous strains. We found a set of the orthologous oleaginous proteins that was responsible for the biosynthesis of this key two-carbon metabolite through citrate catabolism, fatty acid b-oxidation, leucine metabolism and lysine degradation. Our findings suggest a relationship between carbohydrate, lipid and amino acid metabolism in the biosynthesis of acetyl-CoA, which contributes to the lipid production of oleaginous microbes.
INTRODUCTION
Lipids are dynamically bioactive molecules that contribute to the regulation of several complex systems of living cells. Besides the medical perspective, the remarkable growth of the lipid field is undoubtedly driven by the demand for feedstock for the oleochemical industry. In addition to the production of n-3 and n-6 polyunsaturated fatty acids that are beneficial to human health, extensive attention is being directed to biodiesel production from micro-organisms to replace non-sustainable petroleum (Liu & Zhao, 2007; Vicente et al., 2010) . Certain strains, such as Rhodosporidiun toruloides, Lipomyces starkeyi, Yarrowia lipolytica and Mucor circinelloides, are known to accumulate substantial amounts of lipids, accounting for more than 20 % of their biomass, and are thus called oleaginous strains (Ageitos et al., 2011; Beopoulos et al., 2009; Meng et al. 2009; Ratledge, 2004) . Due to their short cultivation time, their high level of intracellular lipids that are predominantly triacylglycerol (TAG) and their utilization of various substrates, oleaginous yeasts and fungi have become important model systems for alternatives to traditional sources of lipids derived from fossil, animal and plant origins (Beopoulos et al., 2009; Ratledge, 2004) . Therefore, an understanding of lipid physiology is required to improve the efficient production of lipids of commercial interest. An integrated approach has been implemented using recent developments for studying the lipid metabolism of these promising micro-organisms. It has been reported that the lipid production of these oleaginous species is enhanced by controlling cultivation or nutritional conditions (Certik et al., 1999; Ruenwai et al., 2010) . Based on the biochemistry of the lipid-accumulation process studied by Ratledge & Wynn (2002) , the channelling of carbon flux to lipid biosynthesis by nutrient imbalance or by using nitrogen-limited conditions has been reported. The biochemical process is accomplished by the cooperative function of key enzymes, which include acetyl-CoA IP: 54.70.40.11
On: Wed, 15 May 2019 21:46:11 carboxylase, ATP : citrate lyase (ACL) and malic enzymes, which generate the precursor pools required for fatty acid synthesis. Moreover, the formation of lipid droplets, which mainly contain TAG and steryl esters, is a prerequisite for fungal oleaginicity as well as peroxisomal b-oxidation (Athenstaedt et al., 2006; Beopoulos et al., 2008; Daum et al., 2007) . Although these processes seem to be conserved, there is a considerable variation among oleaginous species in accumulated lipid content, the sources of which remain unclear. In addition to physiological manipulation, lipid overproduction in yeast and fungi has been pursued through genetic modification (Kamisaka et al., 2007; Zhang et al., 2007) . However, the overexpression of one or a few genes involved in the committing steps of fatty acid biosynthesis does not usually increase the total lipid content of the engineered strains by a substantial amount (Courchesne et al., 2009; Ruenwai et al., 2009) .
Currently, the increase in available genome data is accelerating progress toward and understanding of lipid metabolism at the systems level. A topic of particular interest is the genome-wide study of lipid metabolism in the simple eukaryotic model Saccharomyces cerevisiae (Dobson et al., 2010; Nookaew et al., 2008) , which is an industrial yeast with various commercial applications. Furthermore, a genomic comparison of TAG synthesis between S. cerevisiae and Y. lipolytica has provided molecular insights into oleaginicity. It has been shown that the availability of glycerol 3-phosphate is crucial for lipid accumulation, and that acyl-CoA transferases are the limiting enzymes in TAG formation (Beopoulos et al., 2008) . The genome-wide studies carried out so far have been directed toward the oleaginous yeasts. Relatively little information from systems-level analysis is available for filamentous fungi with regard to their ability to store a high lipid content. Based on the naturally occurring variation in the lipid contents and fatty acid profiles among species, a comparative analysis of existing sequence data would provide an understanding of the genetic backgrounds of the complex biological systems involved in the lipid metabolism of oleaginous yeast and fungi, and would offer new biotechnological perspectives for developing efficient microbial platforms for the production of valuable lipids. In this work, comparative genome analysis of nonoleaginous and oleaginous micro-organisms was performed to investigate candidate orthologous genes and enzymes related to oleaginicity. The oleaginous strains studied were selected based on their genome availability and oleagenicity features, and included Aspergillus oryzae (Kaur & Worgan, 1982; Lin et al., 2010; Meng et al., 2009; Santos-Fo et al., 2011) , M. circinelloides (Vicente et al. 2010) , Rhizopus oryzae (Ratledge, 1986; Suzuki, 1991) and Y. lipolytica (Beopoulos et al., 2009) , which have been shown to be potential lipid producers (Ageitos et al., 2011; Ratledge, 2004) . We also emphasized the metabolism of acetyl-CoA, which is the key two-carbon metabolite in several metabolic processes, particularly in terms of precursor supply for fatty acid synthesis in oleaginous strains.
METHODS
Database retrieval. Protein sequences and gene annotation data from the genome databases on R. oryzae RA99-880 (http://www. broadinstitute.org/annotation/genome/rhizopus_oryzae/MultiHome. html) (Ma et al., 2009) , A. oryzae RIB40 (http://www.bio.nite.go.jp/ dogan/project/view/AO) (Machida et al., 2005) , Y. lipolytica CLIB122 (http://www.genolevures.org/download.html) (Sherman et al., 2009) , S. cerevisiae (http://www.genome.jp/kegg-bin/show_organism?org=sce) (Goffeau et al., 1996) , Candida albicans sc53140, version 21 (http:// www.broadinstitute.org/annotation/genome/candida_group/MultiHome. html) (Jones et al., 2004) , Ashbya gossypii ATCC10895 (ftp://ftp.ncbi.nih. gov/genomes/Fungi/Eremothecium_gossypii_uid10623/) (Dietrich et al., 2004) and M. circinelloides CBS277.49, v2.0 (http://genome.jgi-psf.org/ Mucci2/Mucci2.download.ftp.html) were retrieved.
Identification of orthologous proteins. Orthologous proteins were identified based on the reciprocal best-hit approach, using BLASTP (Altschul et al., 1997) for each pairwise species comparison with a cut-off E-value of 10
210
. This E-value, which is a rather highstringency cut-off, was used to filter out distantly related sequences that might not be genuine orthologous sequences. To investigate the functional relevance of orthologous proteins to metabolic or biological processes, their functional annotations were classified according to the information in the KEGG (Kanehisa et al., 2004) , KOG (Tatusov et al., 2003) and GO (Gene Ontology Consortium; Harris et al., 2004) databases. Hidden Markov model (HMM) profiles were also used to confirm the functions of the related orthologous proteins by BLAST search against the Pfam protein family database, with an E-value of 10 210 as a lower limit cut-off (Finn et al., 2010) . The orthologous proteins were subsequently mapped to relevant metabolic pathways.
Conserved domain identification. The functional domains of the proteins were identified by comparing amino acid sequences between the enzymes of interest and the conserved protein families using Pfam release 24.0 at the Sanger Centre, UK (http://pfam.sanger.ac.uk/) and a default E-value cut-off of 1.0 (Finn et al., 2010) . The query protein's functional regions were searched against the domains Pfam-A and Pfam-B, which were defined based on expert knowledge, sequence similarity, other protein family databases and the ability of HMM profiles to correctly identify and align the members. The types and locations of the domains identified within a group of the proteins of interest were presented as a graphical summary by the MyDomainsImage Creator, which is available at the ExPASy Proteomics Server (http://expasy.org/tools/mydomains/).
Analysis of phylogenetic relationships. Amino acid sequences were aligned using the multi-sequence alignment program available as the MAFFT software (http://mafft.cbrc.jp/alignment/software/) (Katoh & Toh, 2008) under the FFT-NS-i algorithm (iterative refinement method). The process was automatically repeated, for a maximum of 1000 iterations, until no improvement in scoring alignment was obtained. The phylogenetic relationship between the groups of interesting enzymes was analysed under the assumption of a JonesTaylor-Thornton (JTT) substitution model (Jones et al., 1992) . These matrices were used to elaborate the phylogenetic tree using the neighbour-joining method (Saitou & Nei, 1987 ). The phylogenetic tree was then displayed using Archeopteryx (applet v0.955) (http:// phylosoft.org/archaeopteryx/).
Prediction of protein subcellular localization. Protein localization was analysed by using the programs TargetP 1.1 (Emanuelsson et al., 2000) , MitoProtII -v1.101 (Claros & Vincens, 1996) and PTS1 Predictor (Neuberger et al., 2003) to predict the N-terminal cleavage sites, mitochondrial targeting sequences and peroxisomal target signals, respectively. The statistical values were used according to the default parameter settings of the programs. The potential cleavage sites and target sites of protein transport were then predicted.
RESULTS

Identification and classification of orthologous genes in oleaginous strains
Based on the ability of yeasts and fungi to produce different amounts of lipids, genome comparisons between oleaginous and non-oleaginous strains were undertaken to unravel cellular metabolic processes that might participate in oleaginicity. In this work, the genome sequences of four oleaginous strains, Y. lipolytica, A. oryzae, R. oryzae and M. circinelloides, were compared with those of Ashbya gossypii, S. cerevisiae and C. albicans, which are non-oleaginous yeasts. Comparing the seven genomes based on reciprocal best hits with the cut-off E-value of 10 210 showed that 209 protein sequences were orthologous among the four oleaginous strains. These proteins were designated 'orthologous oleaginous proteins' (Table 1) . Using information from the KEGG database, the orthologous oleaginous sequences were categorized into five classes (Table 1) , including genes involved in metabolism (19.6 % of total orthologous oleaginous genes), genetic information processing (18.2 % of total orthologous oleaginous genes), environmental information processing (6.7 % of total orthologous oleaginous genes), cellular processes (9.1 % of total orthologous oleaginous genes) and unclassified functions (46.4 % of total orthologous oleaginous genes) (see Supplementary Table S1 ). It was noted that nearly a quarter of the orthologous oleaginous proteins (41 sequences) are responsible for metabolic processes or metabolism, as shown in Fig. 1 . Of these proteins, we further focused on the data relevant to the metabolism of precursors required for fatty acid synthesis and lipid accumulation.
Comparative study of carbohydrate metabolism in oleaginous and non-oleaginous strains
Partitioning carbons from central carbon metabolism to fatty acid synthesis has been thought to be a potential route for enhancing lipid content. Acetyl-CoA is the essential two-carbon donor molecule for fatty acid synthesis. Considering carbohydrate metabolism based on their genome data, four metabolic routes for the synthesis of acetyl-CoA via pyruvate metabolism were found in the oleaginous and non-oleaginous species. The enzymes involved in the pathways included pyruvate kinase, pyruvate dehydrogenase, malic enzyme, lactate dehydrogenase and acetyl-CoA synthetase, as shown in Fig. 2 . The computational identification of the orthologous ACL gene also indicates that oleaginous strains could synthesize acetyl-CoA via ACL in addition to the four general routes, which is consistent with earlier reports that the enzyme plays a crucial role in the direct generation of acetyl-CoA during the lipid accumulation phase (Ratledge, 2002) . This enzyme was not found in the non-oleaginous yeasts studied in this work, indicating the presence of an additional route of acetyl-CoA biosynthesis in the oleaginous strains.
In addition to energy and pyruvate production, glycolysis is responsible for the generation of glycerol 3-phosphate as a building material for the de novo synthesis of phospholipids and triglycerides. We identified orthologous oleaginous sequences in the glycolysis pathway, such as that for enolase. In addition, a set of the orthologous oleaginous sequences in carbohydrate metabolism included glycosyltransferase group I, formyl-CoA transferase, hydroxymethylglutaryl-CoA lyase, UDP-glucose dehydrogenase and UDP-glucuronate decarboxylase, which had no homologues in the non-oleaginous strains (see Supplementary  Table S1 ).
Acetyl-CoA biosynthesis via lipid metabolism in oleaginous and non-oleaginous strains
In addition to carbohydrate metabolism, acetyl-CoA is also generated via other metabolic processes. Using genome analysis, we found orthologous protein sequences of the oleaginous strains categorized in lipid metabolism, which might contribute to the generation of acetyl-CoA through fatty acid degradation, also called b-oxidation (Fig. 2) . In addition to the peroxisomal b-oxidation, fatty acid degradation occurs in the mitochondria of oleaginous microbes, as evidenced by the finding of mitochondriontargeted orthologous proteins involved in b-oxidation. These proteins included acyl-CoA dehydrogenase, 3-hydroxyacyl-CoA dehydrogenase, 2-enoyl-CoA hydratase and acetyl-CoA acetyltransferase, the first two enzymes of which had no homology with any protein sequences of the non-oleaginous strains. As shown in Fig. 2 , there was a protein sequence (B10) found only in two closely related genomes belonging to the Zygomycetes (M. circinelloides and R. oryzae). The result of BLAST analysis showed that this unique Zygomycetes protein (zHAD) showed the highest similarity to 3-hydroxyacyl-CoA dehydrogenase of bacteria, which catalyses the reduction of 3-hydroxyacylCoA to 3-oxoacyl-CoA. The results of Pfam analysis showed that zHAD contained only a functional catalytic domain and had similarity to the peroxisomal multifunctional b-oxidation protein (FOX2) of the yeast S. cerevisiae, particularly in the domain of the 3-hydroxyacylCoA dehydrogenase (LCHAD) (Fig. 3) . However, it did not share a significant homology with the mitochondrial LCHAD of yeasts and fungi, and the mitochondrial targeting sequence was undetectable in the zHAD sequence (see Supplementary Tables S2-S4 ). The characterization of enzymes involved in the catalysis of 3-hydroxyacyl-CoA is summarized in Table 2 . Based on phylogenetic tree Table 3 .
Comparative genome analysis of oleaginous microbes analysis, these proteins were clustered into three groups, as shown in Fig. 4 . Taken together, the zHAD of the Zygomycetes was separately classified into a new group (group III) with unknown localization.
Acetyl-CoA synthesis in oleaginous strains via alternative routes of amino acid metabolism Acetyl-CoA can be produced via the degradation of branched-chain amino acids (e.g. leucine) in addition to the aforementioned routes. Obviously, some enzymic reactions in leucine degradation are similar to those found in the degradation of fatty acids, including dehydrogenation, carboxylation, hydration and thioester hydrolysis forming acetyl-CoA. By genome analysis, we found the orthologous oleaginous enzymes that might be involved in leucine degradation in the oleaginous strains, which include branched-chain a-keto acid dehydrogenase (BCKDH), isovaleryl-CoA dehydrogenase (IVD), methylcrotonoyl-CoA carboxylase (MCCA) and hydroxymethylglutaryl-CoA lyase (HMGCL), as shown in Fig. 2 and Table 3 . Notably, based on the KEGG database, HMGCL was categorized as an orthologous oleaginous protein in carbohydrate metabolism. These enzymes have been well studied in mammals and are recognized as housekeeping proteins. The deficiency of these enzymes results in deficient catabolism of the carbon skeleton of leucine (Wysocki & Hähnel, 1986; Harris et al., 2005) . Unlike non-oleaginous strains, the presence of the additional pathway of leucine degradation in the oleaginous fungi indicates a theoretical route with potential for providing the acetyl-CoA substrate.
With respect to lysine biosynthesis, in oleaginous strains we found the candidate orthologous gene dihydrodipicolinate synthase (DHDPS), which may participate in amino acid synthesis via an alternative route, the a,e-diaminopimelic acid pathway (see Supplementary Table S1 ). Thus, DHDPS is likely to be responsible for catalysing the first unique step of lysine biosynthesis without consuming the acetyl-CoA precursor; the latter event is usually found in prokaryotes (Dobson et al., 2004 ) and higher plants (Vauterin et al., 1999) . Therefore, it can be postulated that in oleaginous fungi, lysine can be synthesized via two pathways, the aaminoadipic acid and a,e-diaminopimelic acid pathways, whereas the non-oleaginous strains synthesize this essential amino acid only via the a-aminoadipate pathway. If the flux of lysine synthesis is directed more toward the a,ediaminopimelic acid route, the lipid content may increase as a result of the greater availability of the acetyl-CoA substrate being channelled to the lipid biosynthetic pathway. Moreover, in fungi, lysine is degraded via the reversible reactions of the a-aminoadipate pathway. The first half of the pathway begins with the degradation of lysine via saccharopine, 2-aminoadipate-6-semialdehyde, 2-aminoadipate, glutaryl-dihydrolipoamide and glutarylCoA (Xu et al., 2006) , after which, the last molecule, glutaryl-CoA, may be modified through a series of acyl-CoA intermediates to produce the end product, acetyl-CoA, which then returns to be a substrate for lysine synthesis. We identified the first half of the pathway in both oleaginous and non-oleaginous strains. Interestingly, the enzymes involved in the latter path of lysine catabolism were specific to the oleaginous strains, including glutaryl-CoA dehydrogenase, enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase (categorized in lipid metabolism), as shown in Fig. 2 . Thus, acetyl-CoA generated from lysine metabolism might be mobilized to the cytosol for fatty acid synthesis in oleaginous fungi. Therefore, this set of enzymes might be potential targets for increasing the flux of lipid biosynthesis by increasing the acetyl-CoA supply via amino acid metabolism.
Other orthologous oleaginous genes in the metabolism of other amino acids included 3-deoxy-7-phosphoheptulonate synthase, glutamine synthetase, S-adenosylmethionine (SAM)-dependent 6-methyltransferase and a putative Omethyltransferase that had no homology with the nonoleaginous fungi (see Supplementary Table S1 ).
DISCUSSION
On the basis of sequence similarity, comparative genome analysis, which is an effective approach for searching possible functional contexts of interest, was conducted in this work to investigate how oleaginous strains accumulate lipids at significant levels. It was hypothesized that this phenotypic characteristic requires a balance of the T. Vorapreeda and others synthesis, mobilization and degradation of lipids to maintain such high lipid contents in the cells under particular conditions (Beopoulos et al., 2009; Daum et al., 2007) . According to the comparative study of the seven genomes, the identified orthologous sequences shared by the oleaginous yeast and fungi, and the core oleaginous genes, were distributed over several processes and aspects of metabolism. Some of them were also found in the nonoleaginous strains, suggesting that not all orthologous oleaginous genes are responsible for oleaginicity. If the increase of carbon fluxes to fatty acid synthesis depends on substrate availability, as described elsewhere (Oliver et al., 2009) , then in particular the additional routes of acetyl-CoA biosynthesis that do not exist in the nonoleaginous microbes might play a role in the extent of lipid storage. Typically, the key metabolite acetyl-CoA is independently synthesized by several metabolic pathways, which are available as reference pathways in the KEGG database. Although there are some reports that A. oryzae and R. oryzae contain lipids at high levels (Kaur & Worgan, 1982; Meng et al., 2009; Ratledge, 1986; Suzuki, 1991) , not many efforts have been made to study the lipid physiology of these fungi, particularly in terms of lipid production. However, from the genome data that are currently available, we identified the missing enzymes that catalyse acetyl-CoA synthesis in the oleaginous strains, which were localized in the cytosol and mitochondria. Apart from ACL, which is a well-known cytosolic enzyme shared among oleaginous micro-organisms (Ratledge, 2002) , the orthologous oleaginous enzymes localized in mitochondria might be responsible for generating acetylCoA through the degradation of branched-chain amino acids (leucine and lysine) and fatty acids. It is possible that a portion of the acetyl-CoA generated from the mitochondrial pathways is transported into the cytosol for fatty acid synthesis. This transport may be accomplished via specific carnitine-dependent translocation, as reported elsewhere (Strijbis & Distel, 2010) . The close relationship between carbohydrate, lipid and amino acid metabolism, particularly in acetyl-CoA synthesis, in the oleaginous microbes, may allow them to tailor the physiology of lipid accumulation to their nutritional regime.
In fatty acid catabolism, diverse b-oxidation pathways have been found in eukaryotes, depending on the characteristics and subcellular locations of the corresponding enzymes. In this work, a complete set of the mitochondrial enzymes required for the four steps of b-oxidation, in which each enzyme contained a monofunctional domain, was observed in the oleaginous strains. Not all of the enzymes exist in the non-oleaginous strains, consistent with the previous report of Shen & Burger (2009) . None of the enzymes could be detected in the non-oleaginous yeast S. cerevisiae, whereas the genes encoding the enzymes catalysing the third and fourth steps were absent in C. albicans. Elsewhere, it has also been found that Y. lipolytica possesses an incomplete set of the mitochondrial b-oxidation enzymes acyl-CoA dehydrogenase, 2-enoyl-CoA hydratase and 3-ketoacyl-CoA thiolase (Beopoulos et al., 2011) . However, we computationally identified the missing enzyme for the third step, 3-hydroxyacyl-CoA dehydrogenase, as having a mitochondrial targeting sequence in the oleaginous strains that has not been previously reported. This result indicates that the fatty acid degradation in the oleaginous microbes occurs in the mitochondria, where all b-oxidation enzymes are located, in addition to the peroxisomal system. This mitochondrial b-oxidation seems to be the type I pathway, which is responsible for breaking down short-and medium-chain fatty acids, similar to what has been documented in mammals (Shen & Burger 2009 ). Furthermore, the Zygomycetes oleaginous fungi had three isoforms with 3-hydroxyacyl-CoA dehydrogenase activity, including fungal-like (FOX2 or MFE), mammalian-like (LCHAD) and bacterial-like (zHAD) enzymes, which were localized in the peroxisomes, mitochondria and an unknown compartment, respectively (Fig. 4) . While the sequence of mitochondrial LCHADs of the oleaginous microbes was similar to that of the mammalian enzymes, the zHAD might have evolved from a bacterial ancestor. The coupling of mitochondrial fatty acid oxidation to the citric acid cycle and to oxidative phosphorylation has been reported to be essential for providing energy for the activation of fatty acids (Schulz, 1996) . Although the sequence similarity-based prediction provided a good indication of enzyme location, the precise subcellular localization and functional characteristics of the putative zHAD should be further investigated experimentally. The advantage of multiple subcellular localizations of enzymes with the same functional activities for two-carbon shortening in the oleaginous strains has not been well elucidated. This phenomenon might accompany lipid turnover or be involved in the regulation of lipid homeostasis in the high-lipid-accumulating strains. Remarkably, the b-oxidation pathway has been considered as a potential target for enhancing the production of fatty acid-related products (Dulermo & Nicaud, 2011; Picataggio et al., 1992; Waché et al., 2003) .
The cellular processes in oleaginous microbes to efficiently metabolize acetyl-CoA through amino acid metabolism appear to be the putative routes of leucine and lysine degradation and of lysine biosynthesis. The alternative route of lysine biosynthesis (a,e-diaminopimelic acid pathway) in the oleaginous microbes, which is acetylCoA-independent, may be to overcome insufficient supply of acetyl-CoA for fatty acid synthesis under particular conditions. There is evidence showing a relationship between lipid accumulation and leucine metabolism in S. cerevisiae (Kamisaka et al., 2007) . It has been found that the expression of the LEU2 gene or the addition of leucine into the culture medium leads to an increase in the total fatty acid content of the yeast. The additional route of leucine degradation in the oleaginous microbes is probably associated with their physiology of lipid accumulation.
A wide variety of channels for synthesizing the two-carbon substrate were distributed over subcellular compartments
Comparative genome analysis of oleaginous microbes that govern several aspects of the cellular metabolism of oleaginous microbes. In plants, the subcellular organization of acetyl-CoA metabolism for different metabolic purposes has been reported (Oliver et al., 2009) . The peroxisomal and mitochondrial acetyl-CoA pools are used for both catabolic and anabolic processes, whereas the pools generated from the cytosol and plastid are responsible for anabolic processes. The unique acetylCoA biosynthetic machinery of the oleaginous microbes may affect the extent of lipid accumulation in addition to carbohydrate and energy metabolism. In addition to the significance of the acetyl-CoA supply for fatty acid synthesis, other orthologous oleaginous sequences identified in metabolism, including that for diacylglycerol Oacyltransferase, might be involved in the lipid accumulation process, as previously reported. The regulation of lipid accumulation in oleaginous strains is coupled with acyltransferases to facilitate the incorporation of fatty acids into storage lipids, especially TAG (Courchesne et al., 2009) . It has been reported that NADPH pools and energy charges are also essential for fatty acid synthesis and lipid accumulation in oleaginous micro-organisms (Ratledge, 2002) . However, the enzymes responsible for NADPH generation in the cells, such as malic enzymes, 6-phosphogluconate dehydrogenase and glucose-6-phosphate dehydrogenase, were not orthologous oleaginous sequences. In fact, not all culture conditions provide the promising phenotype of high lipid content (.20 % of dry biomass), even in the same strains. Therefore, the mechanism controlling the enzyme function or the expression of the corresponding genes should not be excluded (Laoteng et al., 2011; Song et al., 2001) . Apart from the orthologous enzymes, the existence of multiple isoforms of other enzymes involved in lipid metabolism (e.g. the acyltransferase and lipase families), which have different substrate specificities and subcellular localizations, probably links to the obese phenotype.
In summary, the newly identified orthologous sequences that underlie several aspects of the metabolism of oleaginous microbes shed light on how specific individual genotypes contribute to the different physiological characteristics of lipid production. Comparative genome analysis points to a relationship between carbohydrate, lipid and amino acid metabolism in the biosynthesis of the important intermediate metabolite acetyl-CoA, which may relate to the ability of oleaginous microbes to accumulate high levels of lipids.
